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A semi-empirical model of stomatal conductance was used to analyse porometer measurements 
on dí€fwent grapevine cultivars under field conditions, Stomatal conductance was expressed as a 
function of quantum flux density, water vapour deficit, air temperatwe and leaf water potential. 
Where possible, the parameters describing the partial functions were estimated from field data 
and provide physialogícal insights intu the transpiration process. They indicated diffetentid sto- 
matal sensitivity to air  humidity in the various cultivars, a chtiracteristic which could be related 
to their geogaphical origins. 
INTRODUCTION 
The most generally success€uul model of evaporation from closed canopies is 
the well-knswn Penman-Monteith equation (Monteith, 1965). This model 
has been applfedboth tasingle leaves and to campies. In the latter case, it has 
been chiefly used where fluxes might be expected to be pred6minantly me- 
dimensiunal, In orchards or vineyards, horigontal heterogeneity requires a de- 
scription in more than one dimension. For such row crops, the vegetation, by 
means of the stomata, plays a determining role in the control of bulk evapo- 
ration flux (Van Bave1 et al., 1967; Hicks, 1973). Discontinuous canopies are 
aerodynamically rough and-wínd is only weakly attenuated (Riou et al., 1987) 
so that aerodynamic conductance of water vapour, which is proportional to 
eddy velocity and roughness length, is likely to be very high (Thom, 1975). In 
such cases, transpiration from the vegetation is strongly coupled with the air 
stream above- the canopy and, because the transpiration rate is then closely 
proportional to the product of stomatal conductance and water vapour pres- 
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sure deficit of the air, changes in stomatal conductance become of paramount 
importance (Thom, 1975; Jarvis and McNaughton, 1986). 
Modelling mass transport and evaporation from this type of canopy should 
therefore involve the most likely realistic identification of the variables and 
laws governing stomatal functioning under field conditions. Among environ- 
mental factors that affect stomatal opening, solar radiation, soil water availa- 
bility, atmospheric vapour pressure deficit and temperature are known to be 
important (Sheriff, 1979; Schulze, 1986; Turner, 1986a). Age, position in the 
canopy, internal CO, concentration and hormonal equilibrium of the leaves, 
and previous growing conditions, also influence stomatal behaviour (Thomas 
et al., 1976; Blackman and Davies, 1985; Field, 1987). Whereas these intrinsic 
factors have been rarely investigated, several models have been proposed that 
relate stomatal aperture to simultaneous variations of weather factors, soil 
water deficit and plant water potential Jarvis, 1976; Jones, 1983; Avissar et 
al., 1985). 
When based on physical parameters, these models allow investigation of the 
regulation of water exchanges under natural conditions with relatively simple 
input data (Whitehead et al., 1981 1. Vegetation types can also be compared to 
improve understanding of the differential sensitivity to drought and generate 
hypotheses concerning the underlying mechanisms of water stress adaptation. 
In the case of cultivated vegetation, this knowledge will help to assess and 
compare the water requirement<s of various crops growing under given climatic 
conditions. In this paper, we examine the effects of weather variables and leaf 
water potential on the stomatal response of three grapevine cultivars grown in 
the field under Mediterranean climatic conditions. 
MATERIALS AND METHODS 
Site description and data collection 
Field plots were located in the Aude valley, southern France (43"13'N, 
2 ' 50'E 1, at two sites 3.8 km apari with similar climatic conditions. The area 
has a Mediterraneamtype climate with a potential evaporation rate of - 1100 
mm year-' and a mean annual rainfall (1961-1980 t of - 600 mm, of which 
< 14% occurs during the summer (Canet, 1983). Different cultivars of grape 
were studied at the two sites, which differed in their soil t-ype and soil water 
storage capacity. Available soil water has been used to indicate the difference 
between both sites; it was calculated from field capacity and minimum water 
storage, measured in 1986-1987 with a. neutron moisture gauge. Soil was as- 
sumed to be at field capacity after a few days of drainage following a rainy 
period. 
The first site consisted of two plots on a loamy soil in a flood plain, planted 
with grape cultivars carignane and merlot. Available soil water was 180 mm 
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for the O-130-cm layer. The second site consisted of two plots on a stony ter- 
race with a thick calcareous hard pan at 80-120-cm depth; plots were planted 
with carignane and shiraz vines. The available soil water, measured as de- 
scribed above, was only 120 mm. 
V i e s  were between 6 and 15 years old, and were therefore assumed to have 
fully developed root systems; soil water profiles showed root water uptake be- 
yond 2-m depth in the plots on the terrace. The carignane vines were goblet 
pruned, while merlot and shiraz were cordon trained. 
A steady-skate porometer (LI-1600, LI-COR Ltd., Lincoln, NE, U.S.A.) was 
used for simultaneous measurements of stomatal conductance, quantum flux 
density, water vapour deficit and air temperature (these latter two were mea- 
sured withim the porometer cup). These measurements were replicated six 
times. Concurrent measurements of leaf water potential, replicated three times, 
were obtained with a standard Scholander-type pressure chamber (PMS 1000, 
E~st.,-Corvallis,OEl,-U-S.A.)..Dataweremllected on mature leaves inthe 
sunny part of the canopy from dawn to -16:OO h (LST) on 8 days spaced 
throughout most of the growth cycle (13 June, 27 June, 9 July and 15 August, 




The methodused wasdetailed by Jarvis (1976) and Jones (1983). The model 
was- based upon known relationships between stomatal conductance (gs, mmol 
m-' s-l) and quantum flux density (Q, pmol m-' s-I), water vapour pressure 
deficit (D, Ha), aiT temperature (Ta, OC ) and leaf water potential (y ,  MPa). 
Its general form is 
where g, is maximum conduchance of a given vine cultivar and each g is the 
partial function for $he indicated independent variable ( O t S l g l l )  (Fig. 1). 
The parameters that describe stomatal opening in response to the four in- 
dependent variables were estimated from field measurements by non-linear 
least squares regression using Marquardt's method (Draper and Smith, 1966) 
O 
Q(pmo1. m-2s -1 ) D (kPa) T0('C) JrlMPo) 
Fig. 1. Partialfunctions of the stomatal conductanceresponse to quantum flux density (Q), water 
vapour deficit (D), air temperature (2') and leafwaterpotential ( y )  (redrawn after Jones, 1983). 
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or trial and error estimations. This approach enabled us to take into account 
the functional relationships controlling stomatal behaviour and to interpret 
parameters in a physical sense (Reed et al., 1976). As stated by Jarvis (1976), 
such a model is not mechanistic because it does not link environmental factors 
with stomatal functioning at the cellular level. Nevertheless, its semi-empirical 
character makes it useful for the interpretation of field observations and pre- 
diction of stomatal conductance, even for environmental conditions not di- 
rectly tesreci. 
Two limitations of this approach must be outlined. First, probable interac- 
tions between variRhles are ignored. Response functions given in the literature 
were obtained in controlled environments in which only one or two factors 
were varied at a time. In reality, all the factors act simultaneously in intercon- 
nected processes and interactions are expected. However, to our knowledge, 
such complex combinations between factors have not yet been formalized. Sec- 
ondly, the data sets collected in the field usually show strong correlations be- 
tween variables, resulting in possible bias in estimation of the parameters (Jar- 
vis, 1976) o The narrow range of certain variables could also be a handicap. 
Variables und partial functions 
Solar radiation 
The st~omatal response to sunlight is influenced by several internal factors, 
including leafage and plant water status (Squire and Black, 1981; Field, 1987). 
This leads to quite variable relationships between conductance and sunlight 
(Cowan, 1977 1. However for well-watered plants it is usually considered that 
stomatal conductance shows a hyperbolic response to sunlight. This relation- 
ship can be described by the equation 
g Q 1 = 1 - exp - Q/K,  ( 2 )  
where Q stands for the quantum flux density or photosynthetically active ra- 
diation. The parameter, KI, is derived from the minimum Q value required for 
a nearly maximum stomatal aperture. For a number of species, this Q value is - 400 pmol m-* s-l (Squire and Black, 1981; Jones, 1983 1, in accord with the 
values of 200 W m-' of global radiation given by Kriedemann and Smart ( 1971 1 
and of 300 pmol m-' s-' found by Liu et al. (1978) for grapevine cultivars. 
Assuming 95% relative stomatal conductance at a quantum flux density of 400 
pmol mW2 s-', we calculate a K1 value of 133 pmol m-' se'. This value is 
applied for all the studied grapevine cultivars, making the hypothesis that light 
acts on stomatal aperture by stimulating metabolic processes at the cellular 
level, which are independent of varietal type. 
STOMATAL CONDUCTANCE OF GRAPEVINES 111 
,J 
Water vapour pressure deficit 
Many species close their stomata in response to increased water vapour pres- 
sure deficit (Sheriff, 1979; Schulze, 1986). The stomatal response to  humidity 
could be linear or curvilinear depending on the control system involved; a di- 
rect feedforward response results in a linear relatianship (Camacho-B et al., 
1974; Farquhar et al., 1980), whereas a feedback response via leaf water status 
leads to a non-linear relationship (Johnson and Ferrel, 1983). We compared 
both types of relationships 
(3) g (D) =1 -Kz .D if D< l/Kz 
A D )  =o li D 2 l/& 
and 
g(D)=exp(-.K2.D) (3a) 
. -- -- where-D is-the-vapour-pressure-deficit of-the-air-near-the-leaf-and-K2 is a pa- - - -. 
rameter estimated from the data set. 
Air temperature 
The effect of air temperature on stomatal conductance is difficult to separate 
from that of humidity because vapour pressure deficit and air temperature are 
correlated. However it is widely accepted (Stälfelt, 1962) that stomatal con- 
ductance reaches a maximum at 30-35 o C. Such a response curve may be writ- 
ten (Jones, 1983) 
where Ta is the air temperature near the leaf and Ta is the optimum tempera- 
ture for stomatal opening (g( To) = 1); Ta andK3 were estimatedfrom the field 
measurements. 
Leaf water potential 
Although bulk leaf water potential is the biological variable most often con- 
sidered in studies of stomatal function, it is not considered to directly control 
plant water loss. Instead, turgor pressure in guard cells and hormonal regula- 
tors are reported to play the dominant roles (Zeiger, 1983; Schulze, 1986). 
Moreover, Turner (1986b) pointed out how different rates of soil drying and 
air vapour deficit could induce a lack of correlation between leaf conductance 
and leaf water potential. Nevertheless, partly because of ease of measurement 
in the field, leaf water potential remains a widely used state variable for func- 
tional rather than mechanistic models such as we are seeking. The response of 
conductance to leaf water potential can be modelled with a two-parameter re- 
lationship (Rambal, 1980; Jones, 1983; Campbell, 1985) 
8 
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where y4 is the critical leaf water potential (i.e. the value required to reduce 
maximum conductance by half) and K4 is an empirically derived parameter 
that describes the rate of decrease of g, with y. 
APPLICATION OF THE MODEL 
Determination $:parameters 
The model requires seven parameters; g,, K I ,  K2, To, K3, y+ and K4. For 
each vine plot, field measurements of each independent variable were ran- 
domly assigned to one of two data sets, one for estimation of the parameters 
(Table 1 and the other for validation of the model. 
Maximum stomatal conductance of each of the three cultivars was directly 
estimated from the field measurements by taking the highest value observed 
in 1986-1987 (mean of six replicated measurements ). Assuming this param- 
eter to be only under genotypic dependence, the same value was adopted for 
carignane on both sites. Statistical differences appear between the carignane 
and shiraz cultivars íP= 0.01 ), while merlot, with an intermediate value, &i'- 
fers from the other two only at the 10% probability level. Values were similar 
- 
TABLE I 
Parameter values of the model derived from the fist data set ( and E refer to linear and exponen- 
tial humidity responses, respectively, r' is the coefficient of determination, n is the number of 
ObSeNatiOnS 
Flood plain Terrace 
Merlot Carignane Carignane Shiraz 
560 560 060 




1.4 1.4 i .a 
95L llCiE 9GL 125" 24L 26" 
(13) (18) (12)  (17)  (12) (14)  
5 0 ~  4 7 ~  50" 4oL 4nE 
(4)  (4)  (41 (4)  (4 )  14) 
85L 8 5 E  8 3 L  84E 88L BR" . 
n=114 
Numbers in parentheses show the standard error of the mean. 
. 
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c to those given in the literature for field-grown cultivars (Körner et al., 1979; 
Katerji and Daudet, 1986). 
The parameter KI,  which describes the stomatal response to quantum flux 
density, was set at a value of 133 pmol m-2 s-' for the four plots, as previously 
explained. 
Estimation of the other parameters from field observations was less straight- 
forward. Plots of g, against each independent variable generally show consid- 
erable scatter and the upper boundary of points - theoretically representative 
of the stomatal response to one variable when the others are not limiting - 
usually appears discontinuous and irregular (Jarvis, 1976). In addition, the 
functional relatimiship between g, and each driving -7eriable -w?, difficult to 
fully characterize, partly because the range of variables was restricted (Table 
2).  These field measurements however are representative of the "non-ideal 
data of the kind frequently gathered" (Reed et al., 1976). In view o€ these 
difficulties, we initialized the model by setting the values of the parameters To, 
spect to the limits of leaf functioning and leading to a percentage of explained 
variance as high as possible. K2 andK, were obtained by non-linear regression. 
From our field measurements, a temperature of 30" C was found to be opti- 
mal for the stomatal conductance of the three cultivars and K4 was set to 2, 
representing the progressive decrease of g, with a decrease in leaf water poten- 
tial. The estimates of y14 adopted to run the model were - 1.4 MPa for carig- 
nane, - 1.6 MPa for merlot and - 1.8 MPa for shiraz. These values correspond 
fairly well with those derived by stratifying the data and using a boundary-line 
analysis (Webb, 1972) (Fig. 2). The estimatedvalues of K2 andK, for different 
cultivars showed a positive correlation, reflecting the interdependence be- 
tween air temperature and humidity. They revealed significant differences be- 
tween vine cultivars, especially regarding their reaction to water vapour deficit. 
As for K3, its estimates may be relevant only to the range of observed air tem- 
perature as they hpJy complete stomatal closure at - 16 o Cy which seems an 
unrealistic value. 
I 
~ ~ n $ d ~ e ~ ~ ~ ~ d ~ r ~ ~ k e e p ~ ~ a ~ u e ~ e a l i 3 t ~ ~ ~ - -  - 
TAl3LE 2 
Range of environmental variables used for estimation of the parameters 
Flood plain Terrace 
Merlot Carignane Carignane Shiraz 
Q ( p o l  m-* 8-l)  7-2080 27-2060 3 4 - 2 O 5 O 6-2140 
Ta ("Cl E.6-38A 15.6-37.6 17.2-38.0 16-38.6 
D (kPa) 0.42-4.27 0.44-4.45 0.72-5.0 0.48-5.22 
Y (MPa) 0.25-1.57 0.28-1.40 0.32-1.53 0.45-1.63 * I  
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Fig. 3.  Relationship between measured and simulated values of stomatal conductance ( r  is the 
coefficient of correlation, n is the number of points). 
. 
The model accounts for SO43892 of the variation in the four data sets (Table 
1 j. Because the alternative assumptions of the linear and exponential response 
of conductance to  air humidity explained similar proportions of variation, we 
adopted the simpler one (eq. 3 ). 
Validation o/ the model 
The model was tested by comparing the observations of the second data set 
with the stomatal conductances estimated from the input variables of this set, 
with the parameters derived from the first set of measurements. Although Fig. 
3 shows a large spread of points, simulated and measured values did not differ 
significantly, except in the case of merlot (Table 3 1 ~ Likewise, diurnal ~ ~ r r i a -  
- 
. o  " . 
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TABLE 3 
Comparison of stomatal conductances observed and simulated for the four experimental plots ( r  
is the coefficient of correlation, n is the number of observations) 
Flood plain Terrace 
MerIot Carignane Cdgnane Shiraz 
Mean residual -0.07* -o.olm -0.03" -0.03" 
r 0.67 0.65 0.77 0.74 
n 45 42 45 52 
ns not significant. 
* significantly different a t  P= 0.05. 
CARIGNANE 13/06/1986 I SHIRAZ 13/06/1986 
400 - 320 
'VI "I; 240 
3 160 - - _ _ -  -.-E - 
ul EO = -  
O 
- 
- - -- 
5 7 9 11 13 15 17 5 7 9 II 13 15 17 
09/07/1986 09/07/1986 400 
,320 
lin 7 240 
E 















5 7 9 I f  I 3  15 17 5 7 9 II 13 15 17 
TIME (LST) TIME (LST) 
Fig. 4. Diurnal variations of observed (solid line) and simulated (dotted line) stomatal conduc- 
tance (the vertical bars show the. standard deviation ofthe observed values). 
tions of simulated conductances were similar to those measured in the field, 
the model being particularly able to represent the closure of the $tomata at 
midday (Fig. 4). 
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The most noticeable divergence hetween predicted and observed values oc- 
curred early in the day, when rapid changes in light level and wind speed maj7 
outpace the capacity for stomatal response (Williams, 1983) e Systematic dif- 
ferences also occurred on certain dates. Estimated conductance was relatively 
accurate in the four plotvs on 9 July, but was generally underestimated on 15 
August and overestimated on 13 June. This may represent the effe_ct of season 
on plant development. In particular, the maximum stomatal conductance 3s 
known to increase during the deselopment cycle of the plant (Jones, 1983; 
Chaves and Rothipes, 1987) and the adoption of a constant value for gsm 
would Therefore tend to overestimate conductance at the beginning of the veg- 
etation period, when the leaves are not yet fully expanded. Underestimation of 
conductance in mid-season ( 15 August 1 is less easy to explain, but may have 
been linked to the growth history. Pre-conditioning by repeated soil water de- 
pletion can lead to a progressive decrease in the threshold leaf water potential 
for stomatal eloaure (Thomas et al., 1976; Ackerson, 1980). For the-grapevine, 
although they did not concern studies with repeated water stress cycles, the 
results of Diiring and Loveys I982 1 and Chaves and Rodrigues 4 1987 ) gave 
an explanation for this phenomenon. They showed that in stressed sines (i.e. 
with low bulk water potential 1 the turgor pressure necessary for the stomatal 
aperture is maintained by a decrease in osmotic potential. This decrease results 
from an active accumulation of solutes in the leaf tissues when water stress 
develops. 
DISCUSSION 
Our results, with data from the l?tera,ture, permit some hypotheses to be put 
forward on the mechanisms that regulate water transport at the leaf level. The 
similarity of pxmmeteys eatima,t.ed for the two &fferenL p1ot.s of carignane, and 
the divergence between cultivars, suggest that genetic differences in stomatal 
response to the environment were more important than site differences. 
first apparent in values of 
gSm; maximum stomatal conductances of ,the merlot and shiraz cultivars were 
respectively, 20 and 35% below that. of caripane, the difference being Tripifi- 
cant bet.ween caripane and shiraa only iF'=O.Crl). Although a genetic com- 
ponent seems likely to be involved, .this would need to be confirmed by a sys- 
tematic comparison of gapevine culti~ars. Moreo~er, the maximum st,omatal 
conductance of shiraz was likely to have been limited by previous conditions 
of cultivation, particularly lack of irrigation since planting time, which would 
have been a harsh constraint for this cultivar, known for its drought sensitiv- 
ity. Analysis of stomatal responses to .clapour pressure deficit and leaf water 
potential provides some insight into the development of &ought resistance by 
grapevines. 
The low rate at which t.he stomata react. to a decrease in l e d  water potential 
A degree of differentiation among cultivars 
’./ * c ,  
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I (parameter K4) is typical of plants grown in the field, where soil water deple- 
tion usually occurs gradually and allows plants to respond by osmotic adjust- 
ment or control via phytohsrmonea, and continuous root growth (Turner, 
1986a; Rambd, 1988). Osmotic adjustment in particular has been demon- 
strated .for grapevines growing under semi-mid conditions (Dtiring and Lov- 
eys, 1982). 
This process provides an explanation for the decrease in the critical poten- 
tial for stomatahlosure .in plants subjected to progressive water stress. It also 
explains-thedifferences betweenfieldand controlled environment studies. In 
our experiment, vpt reached a value of - 1.8 MPa for shiraz, whereas Mriede- 
mann andSmart (1971) found a criticalpotentialof -1.3 MPa for the same 
cultivar gown in containers without irrigation. The lower critical potential of 
shiraz,. a s - coqmed  with merlot or carignane, could be linked to vegetative 
characteristics. Ludlow (1980) stated thak plants exhibiting stomatal adjust- 
ment cannot survive without some tolerance to dehydration, since stomata 
that adjustosmotically remain partially open andwater loss continues. He also 
added that this tolerance to dehydration is usually associated with slow rates 
of growth and development. On the other hand, Turner (1986b) outlined the 
advantaget presented by this type of functioning in the maintenance sf water 
uptake; it d b w s  continued root growth at low water potential and enables the 
plant to explore a geater volume of soil. We observed both features in shiraz; 
its rooting depth exceeded 2 m and its vegetative development appeared sig- 
nificantly reduced compared with the neighbouring caripane plants ($50 and 
59Q g, respectively, ~f dry mass of shoot per plant in 1987). 
Plants that cannot endure dehydration avoid low water potential by sensi- 
tive control of water loss from the leaves. Direct stomatal response to air hu- 
midity plays.a.determining role here; Evidence for this. response in gapevines 
is contradictory, particularly regarding- the sensitivity of unstressed plants 
(Biking, 1976,1987, Lange and Meyer, 1979; Kliewer et al., 1983). Considering 
the processes underlying-this humidity sensing, the distinction between feed- 
forward (eq. 3) and feedback (eq. 3a) control is of importance as it involves 
quite dif€erent behaviours regarding economy in use of water. Cowan (1977) 
demonstrated theoretically how a feedfomard. response confers a distinct ad- 
vantage in dry environments. Our data do not allow us to distinguish between 
the two possibilities, although they clearly indicate a differential sensitivity to 
air vapour defia;it for vine cultivars gown in the field. 
The more pronounced humidity response of the carignme and merlot vines, 
which also show the higher threshold potentials, is in accord with Ludlowas 
statement that humidity response is of special importance for plants lacking 
tolerance to dehydration (Eudlilow, 198Q). Via this mechanism, transpiration 
loss is restricted when atmospheric demand becomes too high, helping to in- 
crease the daily water use efficiency. ‘The very high productivity o€ these two 
cultivars (Winkler et al., 1974) supports this contention. L~veys and Mriede- 
b 
’ 
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mann ( 1973 1 and then Diiring ( 1976 1 found greater stomatal responses to 
humidity in stressed vines; while Schulze and Kiippers (1979 I found that long- 
term stress did not alter the slope of the conductance/humi&ty relationship, 
but rather decreased the range of sromatal response. In our study, one or other 
of rhese processes should have induced differences among the two carignane 
vines according to their contrasting soil water resources. This was not ob- 
served, which suggests stress avoidance by the carignane grown on the terrace, 
probably by means of its deep root system. 
Further, the ai-miiaritcy of K2 for the two different plots of carignane suggests 
that this parameter is a species characteristic. Kriedemann ( 1978) points out 
that even chough inference of genetic influences from physiological observa- 
tions is highly tentative, geographic origins of gapevine taxa c'an provide use- 
ful information about their physiological characteristics. This also seems to be 
true for grapevine cultivars traditionally linked to a given region, in which 
physiological chara~ters may have been influenced by their evolution in spe- 
cific environments I Rives, 1975 1. The carignane, merlot and shiraz cultivars 
we studied originated, respectively, from Spain (Aragon the Bordeaux region 
and the Rh6ne valley. Aragon has a 9trong semi-arid climate (Font Tullat, 
1983 1 , while the other tvm regions show s x " ~  rain deficits partly limited by 
periods of mist I ReylT, 1957 1 .  The contrasting responm of carignane and shiraz 
(P= 0.01 therefore appear consistent with their geographical origin; carig- 
nane, well known for its hardiness, could have adapted to climatic drought by 
developing sensiri37ity to air vapour deficit, a capacity that shiraz, native to a 
more mesic region, u:ould not have developed to the same extent. While the 
contrast between carignane andl s h i m  could be analysed through their sto- 
matal reaction to only one environmental factor (viz. air humidity), under- 
standing the internie.liate position of merlor ( high stomatal sensitivity, mesic 
origin ) iieeds to consider the plant 8s a whole. Plant response to water stress 
i n ~ l ~ e ~ ,  b sides re p la t inn  at the stomatal level, several mechanisms acting 
at larger time scales (Raxnbal, 19881; hydraulic resistance to water flow be- 
rw~en  roots and lea;-es and roorlskooi ratio, could alw pros ide an explanation 
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